The relationships among CBF, cerebral en ergy metabolism, Na + pump activity, and electrocortico grams (ECoG) following graded hypotension were studied in 48 gerbils. Energy metabolism and Na+ pump activity were estimated by in vivo 31p and 23Na nuclear magnetic resonance (NMR) spectroscopy, and CBF was determined by [14C]iodoantipyrine methods at the end of the experiments. The CBF measured in normotensive an imals was 0.51 ± 0.07 ml/g brain/min. Following graded hypotension, no 31p spectral change was observed until CBF fell to 0.21-0.27 ml/g brain/min, at which level the intracellular pH began to decrease in association with ECoG voltage reduction. At a CBF level of 0.18-0.23 mIlg brain/min, phosphocreatine (PCr) began to decrease The relationships among CBF, cerebral function, and cellular viability have been examined by sev eral workers based on observations of electroen cephalogram (EEG) (Sharbrough et aI. , 1973; Troja borg and Boysen, 1973), cortical evoked potentials (Astrup et aI. , 1977; Branston et aI., 1977), sponta neous single neuron discharges (Heiss et aI. , 1976), extracellular K + activity (Astrup et aI., 1977; Bran ston et aI., 1977), and histological changes (Tamura et aI., 1980; Jones et aI., 198 1) in cerebral ischemia.
pump failure differ considerably. The former lies somewhere between 0. 15 and 0.20 mllg brain/min (Sharbrough et aI. , 1973; Trojaborg and Boysen, 1973; Heiss et aI. , 1976; Astrup et aI. , 1977; Bran ston et aI. , 1977) , whereas the latter is at approxi mately 0. 06-0. 08 ml/g brain/min (Astrup et aI., 1977; Branston et aI., 1977) . The former may repre sent the flow threshold at which mild energy distur bance begins, whereas the latter may represent the threshold for energy exhaustion. However, few studies have yet been undertaken on the flow-en ergy relationship, and the above mentioned as sumptions remain to be confirmed.
In vivo nuclear magnetic resonance (NMR) spec troscopy is a potentially useful tool for examining the physiological and biochemical natures of organs noninvasively. With this method, it is possible to estimate not only changes of high-energy phos phate, but also those of intracellular pH (pHi) or cerebral Na +. In the present study, in vivo NMR spectroscopy was employed to examine the rela tionships among CBF, neuronal function, energy metabolism, and ion-pump activity.
MATERIALS AND METHODS
Fourty-eight adult male mongolian gerbils weighing 60-80 g were anesthetized by intraperitoneal injection of pentobarbital (40 mg/kg). PE-IO catheters were intro duced into both femoral arteries and the right femoral vein. The animals were then placed in an in vivo NMR spectrometer in a supine position so as to center the cra nial cavity on the volume of the homogeneous magnetic field of the instrument. The animals were covered with a specially designed pad, in which hot water was circu lating, in order to maintain body temperature within 36.0 ± I.ODC. During the experiments, arterial blood pressure (BP) was monitored continuously. A small amount (60 I.d) of arterial blood was sampled at the beginning and at the end of the experiments, respectively, and arterial blood gases were measured using an IL-1303 blood gas analyzer (Instrumentation Laboratory Inc., Lexington. MA, U.S.A.).
The animals were divided into two groups. in which the following studies were undertaken. In the normotensive group (n = 12), the 31p spectra were measured twice in the normotensive state. The interval between the two measurements was 40-50 min. Thereafter, the animals were transferred to a radioisotope laboratory. and CBF was measured by [14CJiodoantipyrinc methods (Sakurada et aI., 1978) . The results obtained in this group were used to estimate the reliability range of the 31p spectral param eters, such as ATP, phosphocreatine (PCr), inorganic phosphate (Pi), and intracellular pH (pHi). and to obtain normal control CBF values. In the hypotensive group (n = 36), 31p spectral measurements were performed at first in the normotensive state, and BP was then reduced in a stepwise manner by exsanguination. In 10 animals, bilat eral external carotid artery ligation was added to obtain a deeper flow reduction. In 24 animals of the hypotensive group, the 31p spectra were measured repeatedly at various BP levels. The last 31p spectral measurement was performed at mean arterial blood pressure (MABP) levels of 20-50 mm Hg, which were sustained for at least 30 min. Thereafter, CBF was measured in the same manner as in the normotensive group. In the 12 other animals of the hypotensive group, after finishing the 31p spectral measurement in the control state, the 23Na spectra were repeatedly measured at various BP levels. At a final MABP level of 20-40 mm Hg, which was sustained for at least 30 min, the 23Na spectral measurements were dis continued, and 31p spectra were again measured to ex amine the energy-ion relationship. Immediately there after, CBF measurement was performed as in the other groups. In order to estimate the functional changes, elec trocorticograms (ECoG) were monitored in 13 of the hy potensive animals during the experiments.
31p and 23Na spectral measurements
In vivo NMR spectra were obtained with a JEOL JNM-GX270 spectrometer (Nihon Denshi Co., To kyo, Japan; 6.34 Te sla) by means of a IO-mm diameter surface coil in a 70-mm diameter probe with a Fourier transform mode, operating at 109.0 MHz for 31p and 71.2 MHz for 23Na. The spectra were collected as the free-induction decays employing quadrature phase detection, digitized, and processed with a computer. The 31p spectra were ob tained as 400 time-averaged free-induction decays and the 23N a spectra as 500 time-averaged free-induction decays, employing repetition times of 2.0 and 0.6 s: ap proximately 13 min and 5 min were required for each 31p and 23Na spectral measurement, respectively. In a prelim inary study, we measured fully relaxed 31p spectra with a 6-s repetition time in 8 animals in a normotensive state. The mean PCr/ATP ratio in the fully relaxed spectra was 2.1 ± 0.3, which is in good agreement with values for brain tissue reported by other workers (Sauter and Rudin, 1987) . In these animals. 31p spectral measure ments were repeated following removal of the scalp, as well as temporal and occipital muscles. No significant changes in the intensities of PCr and ATP were observed. These preliminary findings indicated that the 31p signals obtained under the given measurement conditions were derived mainly from the brain and cranial bone, with neg ligible contamination from muscles.
Analysis of 31p spectral changes
The spectra were processed using a convolution differ ence technique (Campbell et aI., 1973) to remove the broad baseline hump attributable to cranial bone phos phates and. to a smaller extent, to phospholipids. The heights of Pi, PCr, and ATP were measured for estimating energy changes quantitatively. The intensities of signals obtained in the hypotensive state were expressed as a percentage of those measured in the control state. The pHi was calculated from the extent of chemical shift of Pi relative to PCr (Bailey et aI., 1981) . From the results of repeated measurements in the normotensive animals, re liability ranges for the 31p parameters were determined. When analyzing the data obtained in the hypotensive group, only changes that exceeded these reliability ranges were regarded as significant.
Analysis of 23Na signal changes
The 23Na spectrum exhibits a strong single peak. Its intensity usually shows little fluctuation. In a previous study (Kitani et aI., 1987) , the 23Na signal intensity was found by us to drop by 15 -20% following bilateral common carotid artery occlusion and to recover toward the previous level following reperfusion in gerbils. The drop in 23Na signal intensity occurred within 5 min after the onset of ischemia, together with ATP disappearance, al1d the recovery of the 23N a signal occurred within 5 -10 min after reperfusion, along the ATP recovery. This re duced 23Na signal intensity did not change, even if the measurements were performed with a longer repetition time (3.2 s). The 23Na signal drop is therefore not attribut able to changes in relaxation time caused by ischemia. It is considered that this drop in 23Na signal intensity may result from movement of23Na into the intracellular space, as 60-70% of the intracellular 23Na in the brain seems to be invisible by NMR methods (Cope, 1967) . In this study, the remarkable drop in 23Na signals intensity was thought to reflect disruption of the N a + pump activity.
ECoG recording
Two small holes 1 mm in diameter were cut in the frontal part of the skull, and carbon electrodes 300 fLm in diameter were inserted into both parietal cortices. ECoG recording was undertaken with an OEE-7102 EEG trend monitor (Nihon Kohden Co., Osaka, Japan) during NMR spectroscopy.
CBF measurement
. CBF was measured by [14C]iodoantipyrine methods. Fifteen microcuries of [I4C]iodoantipyrine (Amersham Corp., Oakville, Ontario, Canada) was infused over 30 s via the right femoral vein, and arterial blood was contin uously sampled. At the end of the infusion, the animals were decapitated, and the brain was immediately frozen. The caudate, putamen, globus pallidus, hippocampus, ce rebral cortex, and dorsal part of the thalamus were dis sected from the rest of the brain, and the average CBF in these regions was calculated.
RESULTS

Measurements in normals
Ta ble 1 shows the arterial blood gases and MABP determined in conjunction with repeated 31p spec tral measurement in the normotensive animals. No significant change in blood gases or BP was ob served between the two spectral measurements. In all animals, the 31p spectra exhibited the typical seven peaks. The intensities of each peak at the first and second measurements were almost the same. However, the values calculated at the second measurement were greater by + 1 ± 7% (mean ± SD) for ATP, -2 ± 9% for PCr, and +4 ± 18% for Pi, compared with those at the first measurement.
In subsequent experiments, therefore, signal inten sities that exceeded these mean values ± 2 standard deviations from the control values were regarded as significant. The cerebral pHi for the first and second measurements was 7. 14 ± 0. 07 and 7.12 ± 0.12, respectively. The pHi at the second measure ment was thus 0. 02 ± 0. 07 lower compared with that at the first measurement. In subsequent exper iments, only pHi changes that exceeded this mean value ± 2 standard deviations from the control values were regarded as significant. The CBF value measured in the normotensive animals was 0. 51 ± 0.08 mllg brain/min.
Blood gases and BP in hypotensives
Ta ble 2 shows the blood gases and MABP of the 36 hypotensive animals measured in the control The values are means ± standard deviations. The blood gas and pH values were somewhat underestimated due to contami nation of heparin into the small amount (60 I.d) of blood samples. There were no significant changes between the two measure ments.
J Cereb Blood Flow Metab, Vol. 8, No.1, 1988 show an increase in Pi (Fig. 3) and a decrease in PCr ( Fig. 4) . At this level, however, no ATP change yet resulted. When CBF was reduced to 0.12-0.14 mllg brain/min, ATP began to decrease (Fig. 5) .
When CBF was further decreased to 0. 04-0. 05 mllg brain/min, PCr and ATP disappeared, and an extremely large increase in Pi resulted.
ECoG changes
ECoG revealed little change at the beginning of hypotension. A transient increase in ECoG voltage was observed in 7 animals during the period of no 31p spectral change. At the time when the pHi began to decrease, the ECoG voltage decreased by more than 50% in 9 of the 13 animals. In 11 of the 13 animals, ECoG became isoelectric when Pi began to increase in association with a decrease in PCr. In the other 2 animals, ECoG became isoelec tric after ATP began to decrease.
23Na signal changes
In the control state, the 2 3Na spectra revealed a strong single peak. During graded hypotension, the 2 3Na signals exhibited a small increase by less than 1 % in 10 of the 12 animals. In our previous study (Kitani et aI. , 1987) , a similar grade of 2 3N a signal increase was observed during 10% CO 2 inhalation.
This small increase probably reflects an intravas cular 2 3Na increase due to vascular dilatation. In 8 of the 12 animals, no 2 3Na signal drop occurred throughout the experiments, in spite of partial de creases in ATP and/or PCr. On the other hand, in the other 4 animals, a sudden drop in 2 3Na signal intensity by more than 8% occurred at the final BP level (Fig. 6) . In these 4 animals, PCr and ATP dis appeared almost completely, and an enormously large Pi increase was observed.
DISCUSSION
Cerebral energy changes following generalized ischemia, focal ischemia, or hypoxic hypoxia have previously been studied by many workers by mea- suring high-energy metabolites in vitro (Siesjo and Zwetnow, 1970; Siesjo and Nilsson, 1971; Duffy et aI. , 1972; Sundt and Michenfelder, 1972; Ljunggren et aI. , 1974) In the present study, the flow-energy relation- aI., 1977), halothane (T amura et aI., 1980), or phen cyclidine (Jones et aI., 1981) were employed as an esthetics. Casement et al. (1985) have suggested that anesthetics may influence the critical flow level for ischemic damage. The difference in anes thesia could thus have given rise to some disparity of results between the present and previous studies.
In the present study, the cerebral pHi began to decrease at a CBF level of 0.21-0.27 mIlg brain/ min. This flow threshold for pHi decrease is lower than that of the extracellular pH reduction esti mated by electrode techniques (Harris and Symon, 1984) , but is slightly higher than that of the pHi re duction estimated by umbell iferone methods (Meyer et aI., 1986) . In the present study, a reduc tion in PCr with concomitant Pi elevation started at 0.18-0.23 ml/g brain/min, which was somewhat lower compared with the level for pHi decrease.
There was thus a small dissociation between the CBF thresholds for pHi decrease and for PCr-Pi changes. Prichard et al. (1983) reported in a 31p
NMR study that following hypoxic hypoxia, the ce rebral pHi began to decrease prior to changes in PCr, Pi, or ATP. In vitro studies (Siesjo and Zwetnow, 1970; Siesjo and Nilsson, 1971) At a flow level of 0.04-0.05 ml/g brain/min, ATP and PCr disappeared almost completely. These re sults, however, do not necessarily mean that ATP disappearance occurs only below this flow level.
Decrease of ATP in incomplete generalized isch emia may be gradual and progressive (Siesjo, 1978) .
ATP disappearance may occur even at higher flow levels, if a sufficiently long time is allowed to elapse. For such reasons, the flow value described above may be of small significance in the patho physiology of ischemia.
In animals with disappearance of ATP, a marked drop in 2 3Na intensity was observed. Such a change never occurred in animals with residual ATP, so that the 2 3Na signal drop is clearly related to ATP disappearance. As mentioned above, in the NMR method, a large proportion of the intracellular 2 3Na in various cells or tissues is known to be invisible, probably because of quadrupolar interaction of the 2 3Na nucleus or "bound 2 3Na" (Cope, 1967 ; Ber endsen and Edzes, 1973; Castle et aI. , \986), whereas the extracellular 2 3Na is totally visible. In the brain, 60-70% of the intracellular 2 3Na appears to be invisible (Cope, 1967) . The remarkable drop in 2 3Na signal intensity is therefore considered to indicate Na + pump disruption. The present results suggest that such Na + pump disruption may occur only after extensive reduction of ATP to a certain low level. Cellular Na + pump function is known to depend on Na-K-ATPase activity, so that the si multaneous occurrence of ATP disappearance and Na + pump disruption would appear to be reason able. Previous workers (Astrup et aI. , 1977; Bran ston et aI. , 1977) have reported the occurrence of an extracellular K + increase at a CBF level of 0.06-0.08 ml/g brain/min and have emphasized that this flow level was critical for membrane failure.
However, the present results seem to indicate that membrane failure may occur even at higher flow levels if sufficient time elapses and ATP is reduced to a certain low level.
The present study has demonstrated various flow thresholds for the development of metabolic im pairments. It was of particular interest to us that ECoG suppression occurred prior to any apparent energy disturbance and that Na + pump disruption occurred only after ATP disappearance. However, measurement of ATP by 31 P NMR spectroscopy is not highly accurate, and estimation of cerebral Na + homeostasis by 2 3Na NMR methods still involves some problems. Similar studies employing other methods may be needed to reconfirm the present results.
